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Anaerobic reduction of europium 
by a Clostridium strain as a strategy 
for rare earth biorecovery
Maleke Maleke  1, Angel Valverde1, Alba Gomez-Arias  1,2, errol D. cason1,  
Jan-G Vermeulen1, Liza coetsee-Hugo3, Hendrik Swart  3, esta van Heerden4 & Julio castillo1
the biorecovery of europium (eu) from primary (mineral deposits) and secondary (mining wastes) 
resources is of interest due to its remarkable luminescence properties, important for modern 
technological applications. in this study, we explored the tolerance levels, reduction and intracellular 
bioaccumulation of Eu by a site-specific bacterium, Clostridium sp. 2611 isolated from Phalaborwa 
carbonatite complex. Clostridium sp. 2611 was able to grow in minimal medium containing 0.5 mM 
eu3+. SEM-EDX analysis confirmed an association between Eu precipitates and the bacterium, while 
teM-eDX analysis indicated intracellular accumulation of eu. According to the HR-XpS analysis, the 
bacterium was able to reduce eu3+ to eu2+ under growth and non-growth conditions. preliminary 
protein characterization seems to indicate that a cytoplasmic pyruvate oxidoreductase is responsible 
for Eu bioreduction. These findings suggest the bioreduction of Eu3+ by Clostridium sp. as a resistance 
mechanism, can be exploited for the biorecovery of this metal.
Rare earth metals are critical raw material for the development of modern technological products due to their 
magnetic, photo physical, fluorescent, spectroscopic and luminescent properties1–3. For instance, luminescent 
europium (Eu) is used in magnetic resonance imaging4. Consequently, the demand for rare earth metals has 
increased rapidly5 making the acquisition of a stable and reliable supply of rare earth metals, in particular Eu, a 
top priority worldwide. Rare earth metals are commonly found in low concentrations in both primary (e.g., small 
deposits) and secondary (e.g., rock dumps and tailings) deposits6–8. However, despite low concentrations, the 
large amounts of mining and industrial waste make these deposits an attractive source for rare earth metals9,10.
In these environmental settings, site-specific microbes (e.g., Clostridium) are often exposed to metals without 
‘adverse’ effects11. The activity of these bacterial species not only influences physiochemical parameters (i.e., pH, 
redox potential and ionic strength) but also contributes to the fate of metals and metal speciation (e.g., bioreduc-
tion and biomineralization)12. For example, a Clostridium chromiireducens strain isolated from a chromate con-
taminated site demonstrated the ability to directly reduce Cr6+ and indirectly reduce Fe3+ via electron shuttles13. 
Furthermore, several Clostridium strains have the ability to reduce and precipitate precious metals (i.e., Pd and Cu) 
as insoluble reduced compounds, bio-Pd (Pd0) and CuNP14,15. This feature can been exploited for biorecovery of 
precious metals in bioreactors under anaerobic conditions16.
The reduction of most rare earth metals was thought to be thermodynamically unfavourable, as they remain 
in the +3 oxidation state under different environmental conditions17,18. However, Eu can exist as +2 and +319–21. 
In aqueous solution, the geochemical behaviour, bioavailability and speciation of Eu, like most transition metals, 
is mainly controlled by pH, oxidation potential (Eh) and temperature20,22–24. Therefore, under oxygen-limiting 
conditions bacterial metabolic processes, such as anaerobic respiration, could play a role in the speciation of Eu. 
The selective reduction of Eu3+ to Eu2+ could be useful for the separation of this metal due to the differences in 
chemical behaviour of Eu2+ compared to Eu3+ 25. Nonetheless, very little information exists on how Clostridium 
species interact with Eu, especially we do not know how clostridia bioaccumulate Eu species. Here, we aimed to 
investigate the ability of a Clostridium strain (C. sp 2611), isolated from sediments containing rare earth metals, 
to anaerobically reduce Eu3+ as a metal tolerance mechanism.
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Results
Hydrogeochemistry of pore water. The pore water was characterized by near neutral pH (7.38) and 
microaerophilic (DO: 1.84 mg/L) conditions. The latter was also corroborated by the Eh value (99.9 mV). Total 
dissolved solids (2899 mg/L) and EC (419 mS/cm) values indicated high sulphate and metal concentrations. These 
concentrations were (in decreasing order): SO4 (3.2 M) > Mg (22.63 mM) > Na (11.27 mM) > Ca (11.03 mM) > Fe 
(1.80 µM). Rare earth metal concentrations contained in the pore water, in descending order, were: Sc 
(1.73 mM) > Pr (0.49 µM) > Ce (0.48 µM) > Sm (0.43 µM) > Yb (0.30 µM) > Tb (0.29 µM) > Nd (0.24 µM) > La 
(0.24 µM) > Gd (0.21 µM) > Ho (0.20 µM) > Lu (0.16 µM) > Eu (0.16 µM).
tolerance to trivalent europium. Clostridium sp. 2611 (closely related to Clostridium sporogenes DSM 
795 T, 16S rDNA sequence identity of 99.85%, Fig. 1) could grow in mineral salt medium supplemented with up 
to 0.5 mM of Eu3+ (Fig. 2). In fact, at concentrations of 0.5 mM the bacterium showed an extended lag phase, 
Figure 1. Phylogenetic tree based on a maximum likelihood analysis of partial 16S rRNA gene sequences 
showing the position of Clostridium sp. 2611 and the type strain of related species of Clostridia. Bootstrap values 
were obtained with the maximum-likelihood/minimum-evolution/neighbour-joining methods based on 1000 
replicates.
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followed by an exponential growth phase after 12 h. Overall, concentrations above 0.01 mM caused a decrease in 
microbial biomass when compared to the control (without Eu3+).
Removal of trivalent europium. Complete removal of Eu3+ (0.1 mM) from the culture medium was 
observed within 8 h of growth (Fig. 3). Europium precipitation did not take place in the abiotic (cell-free) con-
trols, which suggests that the removal of Eu3+ is biologically driven.
electron microscopy. Scanning electron microscopy of Clostridium sp. 2611 cells depicted typical 
rod-shaped morphology with rough surfaces (Fig. 4). In addition, the micrographs of cells exposed to Eu3+ 
showed that the cell wall collapsed at concentrations up to 0.1 mM (Fig. 4c,d). Electron dispersion X-ray (EDX) 
spectroscopy analyses identified extracellular amorphous precipitates, composed primarily of Ca, Eu, POx 
and COx on the cell surface. The intense Au peak resulted from the gold coating during sample preparation. 
Conversely, TEM analysis did not show cell surface accumulation of Eu but rather intracellular accumulation 
(Fig. 4e,f). Energy dispersive X-ray analysis spectra confirmed that the black precipitates inside and outside the 
cells were mostly composed of Eu and phosphate.
Reduction of trivalent europium. The HR-XPS analysis demonstrated bioreduction of Eu3+ to Eu2+ by 
Clostridium sp. 2611. The fitted spectra curve shows four major peaks (1123.8, 1133.6, 1154.4 and 1163.7 eV) 
(Fig. 5B). The 1123.8 and 1154.4 eV peaks were identified as divalent Eu19,21,26,27. The binding energy demonstrate 
a mixture of Eu2+ and Eu3+ under growth conditions.
Under non-growth conditions live cell suspensions, with or without glucose as an electron donor, removed up 
to 100% of Eu3+ (Fig. 6A). It is worth mentioning that no chemical removal or complexation was observed in the 
cell-free suspensions and glucose experiment without cell suspensions (Fig. 6B). The HR-XPS analysis demon-
strated bioreduction of Eu3+ to Eu2+ under non-growth conditions (Fig. 6C,D).
Localization and identification of proteins. The separation of the different subcellular fractions 
demonstrate weak Eu3+ reducing activity in the periplasmic fraction (6.1 µM Eu3+ mg−1 protein at 6.7% total 
Eu3+ loaded), and the addition of electron donors had no effect on how fractions interact with Eu3+ (50 µM) 
Figure 2. Growth of Clostridium sp. 2611 with europium in mineral salt media. Symbols indicate the mean 
value of OD600nm samples. Error bars indicate standard deviations of samples.
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(Table 1). The membrane fraction could remove 120 µM Eu3+ mg−1 protein h−1 followed by cytoplasmic fraction 
70.48 µM Eu3+ mg−1 protein h−1, which represents 79.7% and 76.4% total Eu loaded, respectively. However, it is 
worth noting that chemical removal or complexation was observed in the heat-treated membrane fraction with 
similar levels of activity to the non-treated fraction probably due to cellular debris, indicating abiotic removal28. 
Table 1 summarizes a comparison of Eu3+ interaction with the different cellular fractions of Clostridium sp. 2611 
following exposure to 50 µM of Eu3+.
After separation of the different subcellular fractions of Clostridium sp. 2611 with and without Eu3+, slight 
changes in the protein profiles were observed in the presence of Eu3+ in both periplasmic and cytoplasmic frac-
tion (Fig. 7). Since various proteins can be approximately the same size it is very unlikely that only one band 
will be excised from a SDS-PAGE gel. There seems to be changes in the proteome profile at a protein approx-
imately 130 kDa (MW) in lanes 2 and 6, respectively identified as flavooxidoreductase. While, approximately 
a 45-kDa protein showed changes in the periplasmic fraction (flagellin). Furthermore, slight changes are 
observed in the cytoplasmic fraction with Eu3+ (lane 6). There are two proteins approximately of 45 and 30 kDa, 
glucose-6-phosphate isomerase and triosephosphate isomerase respectively. Differences could not be detected in 
the membrane fractions (lanes 3 and 4).
Discussion
In general, heavy metal exposure promotes the emergence of resistance mechanisms such as reductive precipita-
tion in bacteria29,30. Interestingly, different clostridia have demonstrated metal bioreduction and biomineraliza-
tion capabilities15,31. Here we explored the tolerance mechanism of Clostridium sp. 2611 to Eu3+. We observed that 
Eu3+ is detrimental to the cell at concentrations above 0.1 mM, which is in agreement with the findings of Kurvet 
et al.32, who reported that high concentrations (between 0.025 and 0.17 mM) of rare earths (La3+, Ce3+, Pr3+, Nd3+ 
and Gd3+) were toxic to the marine bacterium Vibrio fischeri. It was postulated that the toxicity of these metals 
was related to the comprised integrity of the cellular membrane. Lack of integrity of the membrane of Clostridium 
sp. 2611 was confirmed by FE-SEM analysis (Fig. 4c,d).
The biological removal of Eu3+ was maximal during exponential growth phase, probably due to the higher 
cellular activity, as was demonstrated previously for Thermus scotoductus SA-0133. Using FE-SEM-EDX analysis 
it was observed that the external Eu3+ precipitates were neoformed mineral complexes [Cax+Eux+(CO)y]n likely 
due to the indirect effect of the glucose fermentation by Clostridium sp. 261134–36, although active mechanisms 
cannot be excluded. Usually, the excretion of metals is due to cellular homeostasis to maintain optimal inter-
nal conditions for metabolism and energy transduction, as it was reported for Clostridium sp. interacting with 
U6+ 37–39. Therefore, it needs to be further investigated whether the precipitates surrounding the cell resulted as 
a consequence of active and/or passive mechanisms. Transmission electron microscopy micrographs showed 
intracellular accumulation of Eu. The intracellular Eu could be immobilized as inorganic polyphosphates (PolyP), 
Figure 3. Growth of Clostridium sp. 2611 with europium in mineral salt media. Symbols indicate the mean 
value of OD600nm samples, while standard deviations indicated by error bars.
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which seem to be in the cell according to TEM-EDX analysis40,41. Inorganic PolyP has been shown to accumulate 
Hg, As, Cu, and Ni42, which suggests that PolyP might be used by microorganisms for storing different metals, 
including Eu.
In general, the intracellular accumulation of metals results from active transport43 as it was observed, for 
example, in Shewanella sp. HN-41 accumulating reduced uranium44. Certainly, the HR-XPS results indicate that 
Clostridium sp. 2611 can reduce Eu3+ to Eu2+, which could facilitate its transport to the cytoplasm. To the best 
of our knowledge, this is the first report showing the reduction of Eu3+ by a bacterium, implying an association 
between bacterial growth demands and Eu. Under anaerobic conditions, bacteria can employ reductive mecha-
nisms to generate energy45–48. For example, Desulfotomaculum reducens MI-1 is able to use different metals (i.e., 
Cr, U, Fe and Mn) as final electron acceptors for growth48.
The metal reduction commonly observed in bacterial cultures may be due to direct (bacterial activity), indi-
rect (electron shuttle) and abiotic reduction (due to media constituents), which are not mutually exclusive. For 
instance, all these mechanisms have been observed in Desulfovibrio alaskensis G2049. In this study, non-growing 
conditions were selected to exclude metal reduction from growth-related cellular processes and stimulate com-
petition for limited substrates50,51, as the only electron acceptor was Eu3+. Europium reduction was observed 
Figure 4. Electron microscopy micrographs of Clostridium sp. 2611. Bars indicate the scale as micrometres and 
red shapes indicates association of Eu. (a) Scanning electron microscope of Clostridium sp. control cells, and 
(b) Eu3+ exposed cells. Europium damaged cell wall. (c,d) Transmission electron microscopy micrographs of 
Eu3+ bioaccumulation by Clostridium sp. (e,f), red circles indicate the location of Eu (Shown as electron-dense 
granules). Overlaid EDX spectra.
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with and without external electron donor (i.e., glucose). This has been reported different metals in other 
metal-reducing bacteria, including Cellumonas sp., Deinococcus radiodurans R1, and T. scotoductus SA-0152,53. In 
the absence of exogenous electron donors, reduction of metals most likely results from internal electron donors52 
such as glycolipids.
Figure 5. High-resolution X-ray photoelectron spectroscopy of (A) cell-free control and (B) reduction of Eu3+ 
in mineral salt media amended with Clostridium sp. 2611.
Figure 6. (A) Profile of the reduction of Eu3+ by resting cells. High resolution XPS spectrum of (B) cell-free 
control, (C) live cells with glucose as electron donor, and (D) live cells without electron donor.
Fractions Non-treated* Heat-treated*
Periplasmic 6.1 ± 2.3 1.4 ± 0.9
Membrane 120.8 ± 5.7 117.4 ± 6.1
Cytoplasm 70.4 ± 3.6 13.2 ± 4.3
Table-1. Localization of the anaerobic Eu reductase activity. *Activity expressed as µM. mg protein per hour.
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The fact that similar levels of Eu3+ removal were observed in the membrane fraction and the abiotic control, 
suggests that membrane proteins do not play a role in Eu3+ reduction. Cellular debris such as polysaccharides and 
lipids are capable of complexing metals in solution54,55 and might explain these results. In contrast, according to 
our results, proteins like pyruvate flavodoxin oxidoreductase appear to be involved in Eu3+ reduction. However, 
we cannot determine at this point if the reduction of Eu3+ occurs in the periplasm or in the cytoplasm. In some 
methylotrophic bacteria, intracellular transport of Eu induces the activity of methanol dehydrogenases56–60. On 
the other hand, divalent metals such as Ca2+, an analogue of Eu, play a role in enzyme activity and stability as 
demonstrated for Bacillus stearothermophilus61. Overall, these results suggest that Clostridium sp. 2611 might use 
Eu to conserve energy or as co-factor for different enzymes.
In summary, here we isolated a site-specific Clostridium (C. sp 2611 closely related to C. sporogenes DSM 
795 T) able to interact with Eu. This bacterium displayed several resistance mechanisms against Eu3+, i.e., biore-
duction and intracellular accumulation, which have biotechnological potential to recover rare earth Eu from 
mining waste. This discovery far extends our knowledge of microbial rare earth metal interactions beyond passive 
sorption.
Methods
Source of bacterium. The sampling took place in a stream in the vicinity of the Phalaborwa Complex. The 
complex is located in North-Eastern Limpopo region (South Africa) and mines a world unique deposit of copper 
carbonate62,63. The mining of copper generates large amounts of carbonatite rock waste with significant rare earth 
concentrations64,65 that leach into nearby streams. Stream sediment was collected aseptically in degassed 150 ml 
sterile serum bottles with Teflon-coated septa (Wheaton, USA). Glass serum bottles with zero headspace were 
kept upside-down at 4 °C and transported to the laboratory within 24 h. Sediments were centrifuged at 2000 × g 
for 5 min and pore water samples (10 ml) collected in an anaerobic chamber (COY Laboratory Inc., USA) and 
stored at 4 °C.
Hydrogeochemical characterization. Temperature, pH, oxidative reduction potential (ORP), electrical 
conductivity (EC) and dissolved oxygen (DO) were determined on-site with a HI 9828 pH/ORP/EC/DO probe 
(Hanna Instrumentations, USA). ORP measurements were corrected to the standard hydrogen electrode66. Total 
elemental composition (including rare earth concentrations) was determined by ICP-MS (Perkin Elmer, USA).
enrichment and isolation. Anaerobic microorganisms were enriched using liquid solution contain-
ing sediment (10% w/v) and anaerobic dilute heterotrophic media (per liter): Glucose 0.1 g, Yeast extract 0.1 g, 
Peptone 0.05 g, Tryptone 0.05 g, MgSO4.7H2O 0.6 g, CaCl2.2H2O 0.07 g, MOPS 0.1 g, 100 µL mineral and 100 µL 
vitamin solution. The enrichment culture was incubated at room temperature under strict anaerobic conditions. 
In order to isolate a Clostridium strain, serial dilutions were grown on petri dishes using reinforced Clostridial 
medium (Difco laboratories Inc, US). Single colonies were suspended anaerobically (Coy anaerobic chamber) in 
Clostridium 54b medium (https://www.dsmz.de) and incubated for 24 h at 37 °C.
Taxonomic identification of the isolate by 16S rRNA gene sequence analysis. Total gDNA of a 
Clostridium isolate was extracted using the NucleoSpin® Kit for Soil (Macherey-Nagel, Germany) as per man-
ufacturer’s instructions. 16S rRNA gene sequencing was performed using universal primers67. DNA solution 
(10 ng template DNA final concentration), was added to the PCR mixture containing, 0.75 µl of each primer 
(10 µM), 12.5 µl of 2 × KAPA HiFi HotStart ReadyMix and ultrapure Milli-Q to dilute the total volume to 25 µl. 
PCR conditions were as follows: initial DNA denaturation for 3 min at 95 °C, 25 amplification cycles (20 sec at 
98 °C, 15 sec at 58 °C, 45 sec at 72 °C) and final primer elongation for 1:30 min at 72 °C. The 16S rRNA sequence 
has been deposited in GenBank (accession number: MN165778). Taxonomic identification was performed using 
EzBioCloud (https://www.ezbiocloud.net).
Figure 7. SDS-PAGE of the different subcellular fractions. Lanes M: molecular marker, Lanes 1: Periplasmic 
fraction, Lane 2: Periplasmic fraction with Eu, Lanes 3: Membrane fraction, Lane 4: Membrane fraction 
with Eu, Lanes 5: Cytoplasm fraction, Lane 6: Cytoplasm fraction with Eu. Red box indicates pyruvate 
flavooxidoreductase.
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Standard cultivation conditions. Unless otherwise stated, Clostridium sp. 2611 was cultivated under 
anaerobic conditions in mineral salt media containing (per litre): glucose 5.0 g, NH4Cl 0.5 g, glycerol phosphate 
0.3 g, MgSO4.7H2O 0.2 g, CaCl2.2H2O 0.5 g, peptone 0.1 g, yeast extracts 0.1 g and FeSO4.7H2O 2.8 mg (pH 7.0) at 
30 °C for 24 h. The medium was dispensed in 150 ml serum bottles purged with O2-free N2, pressurized at approx-
imately 80.0 kPa for 60 min, and sealed with aluminum seals before autoclaving.
tolerance to trivalent europium. The Clostridium strain was cultivated to mid-exponential growth phase 
(OD600nm = 0.6). Five ml of a standardized cell suspension was used to initiate growth in fresh mineral salt media 
(95 mL in serum bottles) containing EuCl3.6H2O as Eu3+ (0, 0.01, 0.1, 0.5, 1 mM) and grown for 24 h. The bacte-
rial growth was monitored spectrophotometrically (OD600nm) at 2 h intervals. The experiments were performed 
in triplicate.
Removal of trivalent europium. Bacterial cultures were exposed to 0.1 mM of Eu3+, based on tolerance 
assays, in fresh mineral salt media. Optical density (OD600nm) and removal of Eu3+ were monitored for 24 h at 2 h 
intervals. Europium3+ removal from the media was monitored using the arsenazo-III method68 as described by 
Maleke et al.69.
electron microscopy. Clostridium cells were harvested by centrifugation (6000 × g; 10 min; 4 °C) and por-
tions of the pellet were characterized by microscopic techniques. The morphology and the semi-quantitative 
analysis of the extracellular precipitates were determined using JSM-7800F thermal field emission scan-
ning microscope coupled with Oxford Aztec 350 × -Max80 Energy-Dispersive X-ray (EDX) analysis (Oxford 
Instruments, UK). A portion of the cells were fixed in 2.5% glutaraldehyde and rinsed with 0.1 M phosphate 
buffer (pH 7.0). Thereafter, the cells were treated in a series of escalating ethanol (50, 70, 90, and 95%) concentra-
tion for 30 min per step. This was followed by two absolute ethanol dehydration steps performed for 1 h each. The 
cells were critical point dried, mounted on metal stubs, coated with gold and analysed. Intracellular bioaccumu-
lation was observed and semi-quantitatively analysed by Transmission Electron Microscopy (TEM). Dehydrated 
cells (method described in the analysis by FE-SEM) were embedded in epoxy resin and polymerised at 70 °C 
for 8 h. Thin sections (0.2 µm) were cut using an ultra-microtome UM7 (Leica Microsystems, Germany) and 
collected on copper grids for the analysis. Transmission electron micrographs were taken with a Philips CM100 
(FEI, USA) coupled with an Oxford X-ray analyser coupled with energy dispersive X-ray (EDX) spectrum (JSM-
7800F) (Oxford Instruments, UK).
europium speciation determination. Europium oxidation/valence state was determined using 
high-resolution x-ray photoelectron spectroscopy (HR-XPS) according to Maleke et al.69. Briefly, Clostridium 
cells were harvested by centrifugation (6000 × g; 10 min; 4 °C) following standard incubation conditions with 
0.1 mM Eu3+. The pellets were lyophilized, embedded on a carbon tape and analysed in a vacuum chamber. 
HR-XPS results were acquired using a PHI 5000 Versaprobe system (Physical Electronics, USA) as described by 
Yagoub et al.70.
Reduction of trivalent europium under non-growth conditions. Resting cells were prepared using 
standard cultivations conditions (without Eu3+ added). Cells were harvested by centrifugation (6 000 × g; 15 min; 
4 °C), the supernatant discarded, and the cell pellets washed in fresh 20 mM 1, 3-(N-morpholino) propane sul-
fonic acid (MOPS; pH 7.0) buffer. This process was performed three times and the cells were then re-suspended 
in 10 ml of MOPS buffer. 500 mg of wet biomass were added to a solution containing 50 µM Eu3+ in anaerobic 
MOPS buffer, pH 7.0, with 10 mM glucose to assess. Timed samples (16 hours at 2 h intervals) were aseptically 
withdrawn and centrifuged immediately (6000 × g, 10 min; 4 °C) and the supernatant analysed for the decrease 
of Eu3+. Cell-free controls, donor free and heat-treated cells were used in parallel to the live-cell experiments 
to assess abiotic Eu3+ reduction. The entire treatment of the cells was performed inside an anaerobic chamber 
(atmosphere of N2–H2, 95:5; Coy Laboratory Inc., USA). The ability of the Clostridium isolate to reduce Eu was 
determined by HR-XPS analysis following standard procedure described above.
cellular preparation. Subcellular fractions were prepared under anaerobic conditions using the methodology 
described by Gaspard et al.71. Briefly, to extract the periplasmic fraction, 20 mM MOPS-NaOH buffer (pH 7.0) was 
used to wash twice a pellet of Clostridium strain cells cultivated under standard conditions. Approximately 1 g (wet 
weight) cells were resuspended in 20 ml of buffer containing 25% (w/v) sucrose. The cellular wall was degraded using 
0.1% (w/v) Lysozyme and cellular disruption was performed using 5 mM EDTA, pH 8.0 and 13 mM MgCl2. Finally, 
the spheroplast were separated from the periplasmic fraction by centrifugation (20 000 × g; 30 min; 4 °C).
The membrane and cytoplasmic fractions were obtained from spheroplast cells treated with 10 ml of 20 mM 
MOPS-NaOH buffer (pH 7.0), DNase crystals and EDTA-free protease inhibitor cocktail (Roche, Germany) 
and disrupted by ultrasonic treatment (6 repeats, 100 W, 30 s on ice) using a Branson Sonic Power Sonifier Cell 
Disruptor B-30 (Danbury, USA). The crude extract was separated from cell debris by centrifugation (4000 × g; 
10 min; 4 °C), while cytoplasmic fraction containing soluble proteins (supernatant) and a membrane fraction 
were obtained (pellet) by centrifugation (100 000 × g; 90 min; 4 °C). Finally, 20 mM MOPS−NaOH buffer (pH 
7.0) was used to resuspend the membrane fraction as described by Maleke et al.69. Total protein concentrations for 
each fraction were determined with a bicinchoninic acid assay kit from Pierce (Rockford, USA) by the method of 
Smith et al.72, using bovine serum albumin (BSA) as a standard.
Localization of trivalent europium reduction activity. Europium reduction activity was assayed in 
each of the cellular fractions by monitoring the decrease of Eu3+ using the arsenazo-III method. The reaction mix-
ture contained 50 µM of Eu3+, 10 mM NADPH or NADH as electron donor in anaerobic MOPS buffer (pH 7.0). 
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The assay was initiated by adding subcellular fraction extracts of Clostridium sp. 2611 to the reaction mixture. The 
experiments were performed at 37 °C in an anaerobic chamber (COY Laboratories Inc., USA). Fraction-free con-
trols and heat-treated fraction controls were used to assess abiotic Eu3+ reduction. The heating of the fractions73,74 
was done in order to assess the reduction of Eu3+ by organic matter.
Identification of proteins involved in trivalent europium reduction. SDS-PAGE was performed as 
described by Laemmli75, using a SE 200 gel electrophoresis unit (Hoefer Scientific Instruments, USA), to assess 
changes in protein profiles in the presence of Eu3+. Normalized 500 ng of total fraction protein for both control 
and Eu3+ treated samples were loaded and separated on a 12% resolving gel with a 4% stacking gel. Protein pro-
files were visualized by Coomassie staining. After separation, differential protein bands were excised, subjected 
to tryptic in-gel digestion and identified by liquid chromatography–mass spectrometry using an AB SCIEX 4000 
spectrometer (Shimadzu, Japan).
References
 1. Massari, S. & Ruberti, M. Rare earth elements as critical raw materials: Focus on international markets and future strategies. Resour. 
Policy 38, 36–43 (2013).
 2. Du, X. & Graedel, T. E. Uncovering the global life cycles of the rare earth elements. Sci. Rep. 1, 1–4 (2011).
 3. Cánovasa, C. R. et al. Exploration of fertilizer industry wastes as potential source of critical raw materials. J. Clean. Prod. 143, 
497–505 (2017).
 4. Silva, A. I. S., Lima, N. B. D., Simas, A. M. & Gonçalves, S. M. C. Europium complexes: Luminescence boost by a single efficient 
antenna ligand. Am. Chem. Soc. Omega 2, 6786–6794 (2017).
 5. Haque, N., Hughes, A., Lim, S. & Vernon, C. Rare earth elements: Overview of mining, mineralogy, uses, sustainability and 
environmental impact. Resources 3, 614–635 (2014).
 6. Smith, Y. R., Kumar, P. & McLennan, J. D. On the extraction of rare earth elements from geothermal brines. Resources 6, 1–16 
(2017).
 7. Lo, Y.-C., Cheng, C.-L., Han, Y.-L., Chen, B.-Y. & Chang, J. Recovery of high-value metals from geothermal sites by biosorption and 
bioaccumulation. Bioresour. Technol. 160, 182–190 (2014).
 8. Bisaka, K., Thobadi, I. C. & Pawlik, C. Extraction of rare earths from iron-rich rare earth deposits. J. South. African Inst. Min. Metall. 
117, 731–739 (2017).
 9. Jowitt, S. M., Medlin, C. C. & Cas, R. A. F. The rare earth element (REE) mineralisation potential of highly fractionated rhyolites: A 
potential low-grade, bulk tonnage source of critical metals. Ore Geol. Rev. 86, 548–562 (2017).
 10. Park, D. M., Brewer, A., Reed, D. W., Lammers, L. N. & Jiao, Y. Recovery of rare earth elements from low-grade feedstock leachates 
using engineered bacteria. Environ. Sci. Technol. 51, 13471–13480 (2017).
 11. Hobman, J. L. & Crossman, L. C. Bacterial antimicrobial metal ion resistance. J. Med. Microbiol. 64, 471–497 (2014).
 12. Haferburg, G. & Kothe, E. Microbes and metals: interactions in the environment. J. Basic Microbiol. 47, 453–467 (2007).
 13. Inglett, K. S., Bae, H. S., Aldrich, H. C., Hatfield, K. & Ogram, A. V. Clostridium chromiireducens sp. nov., isolated from Cr(VI)-
contaminated soil. Int. J. Syst. Evol. Microbiol. 61, 2626–2631 (2011).
 14. Chidambaram, D. et al. Concomitant microbial generation of palladium nanoparticles and hydrogen to immobilize chromate. 
Environ. Sci. Technol. 44, 7635–7640 (2010).
 15. Hofacker, A. F. et al. Clostridium species as metallic copper-forming bacteria in soil under reducing conditions. Geomicrobiol. J. 32, 
130–139 (2015).
 16. De Corte, S., Hennebel, T., De Gusseme, B., Verstraete, W. & Boon, N. Bio-palladium: from metal recovery to catalytic applications. 
Microb. Biotechnol. 5, 5–17 (2012).
 17. Deplanche, K., Murray, A., Mennan, C., Taylor, S. & Macaskie, L. In Nanomaterials (ed. Rahman, M. M.) 279–314, https://doi.
org/10.5772/25653 (Intech Open, 2011).
 18. Deplanche, K. & Macaskie, L. E. Biorecovery of gold by Escherichia coli and Desulfovibrio desulfuricans. Biotechnol. Bioeng. 99, 
1055–1064 (2008).
 19. Yagoub, M. Y. A. et al. The effects of Eu-concentrations on the luminescent properties of SrF2:Eu nanophosphor. J. Lumin. 156, 
150–156 (2014).
 20. Bau, M. Rare-earth element mobility during hydrothermal and metamorphic fluid-rock interaction and the significance of the 
oxidation state of europium. Chem. Geol. 93, 219–230 (1991).
 21. Bigun, I. et al. EuNi5InH1.5−x (x = 0–1.5): hydrogen induced structural and magnetic transitions. J. Mater. Chem. C 5, 2994–3006 
(2017).
 22. Wood, S. A. The aqueous geochemistry of the rare-earth elements and yttrium: 1. Review of available low-temperature data for 
inorganic complexes and the inorganic REE speciation of natural waters. Chem. Geol. 82, 159–186 (1990).
 23. Wood, S. A. The aqueous geochemistry of the rare-earth elements and yttrium: 2. Theoretical predictions of speciation in hydrothermal 
solutions to 350 °C at saturation water vapor pressure. Chem. Geol. 88, 99–125 (1990).
 24. Sverjensky, D. A. Europium redox equilibria in aqueous solution. Earth Planet. Sci. Lett. 67, 70–78 (1984).
 25. Gupta, C. K. & Krishnamurthy, N. Extractive metallurgy of rare earths. (CRC Press, 2005).
 26. Kim, D. et al. Blue-silica by Eu2+-activator occupied in interstitial sites. RSC Adv. 5, 74790–74801 (2015).
 27. Shaat, S. K. K., Swart, H. C. & Ntwaeaborwa, O. M. Investigation of luminescent properties of Ca0.3Sr0.7Al2O4:Tb3+, Eu3+ excited 
using different excitation sources. J. Electron Spectros. Relat. Phenomena 197, 72–79 (2014).
 28. Sarkar, B. Metal protein interactions. Prog. Food Nutr. Sci. 11, 363–400 (1987).
 29. El Baz, S. et al. Resistance to and accumulation of heavy metals by Actinobacteria isolated from abandoned mining areas. Sci. World 
J. https://doi.org/10.1155/2015/761834 (2015).
 30. Fashola, M. O., Ngole-Jeme, V. M. & Babalola, O. O. Heavy metal pollution from gold mines: Environmental effects and bacterial 
strategies for resistance. Int. J. Environ. Res. Public Health 13, 1047–1067 (2016).
 31. Gao, W. & Francis, A. J. Reduction of Uranium (VI) to Uranium (IV) by. Clostridia. Appl. Environ. Microbiol. 74, 4580–4584 
(2008).
 32. Kurvet, I. et al. Toxicity of nine (Doped) rare earth metal oxides and respective individual metals to aquatic microorganisms Vibrio 
fischeri and Tetrahymena thermophila. Mater. 10, 754–772 (2017).
 33. Opperman, D. J. & van Heerden, E. Aerobic Cr(VI) reduction by Thermus scotoductus strain SA-01. J. Appl. Microbiol. 103, 
1907–1913 (2007).
 34. Xin, F., Wu, Y.-R. & He, J. Simultaneous fermentation of glucose and xylose to butanol by Clostridium sp. strain BOH3. Appl. 
Environ. Microbiol. 80, 4771–4778 (2014).
 35. Andreesen, J. R., Schaupp, A., Neurauter, C., Brown, A. & Ljungdahl, L. G. Fermentation of glucose, fructose, and xylose by 
Clostridium thermoaceticum: effect of metals on growth yield, enzymes, and the synthesis of acetate from CO2. J. Bacteriol. 114, 
743–751 (1973).
1 0Scientific RepoRtS |         (2019) 9:14339  | https://doi.org/10.1038/s41598-019-50179-z
www.nature.com/scientificreportswww.nature.com/scientificreports/
 36. Francis, A. J., Dodge, C. J. & Gillow, J. B. Reductive dissolution of Pu(IV) by Clostridium sp. under anaerobic conditions. Environ. 
Sci. Technol. 42, 2355–2360 (2008).
 37. Zhang, C., Malhotra, S. V. & Francis, A. J. Toxicity of ionic liquids to Clostridium sp. and effects on uranium biosorption. J. Hazard. 
Mater. 264, 246–253 (2014).
 38. Konings, W. N., Albers, S.-V., Koning, S. & Driessen, A. J. M. The cell membrane plays a crucial role in survival of bacteria and 
archaea in extreme environments. Antonie Van Leeuwenhoek 81, 61–72 (2002).
 39. Kakinuma, Y. Inorganic cation transport and energy transduction in Enterococcus hirae and other streptococci. Microbiol. Mol. Biol. 
Rev. 62, 1021–1045 (1998).
 40. Alvarez, S. & Jerez, C. A. Copper ions stimulate polyphosphate degradation and phosphate efflux in Acidithiobacillus ferrooxidans. 
Appl. Environ. Microbiol. 70, 5177–5182 (2004).
 41. Ota, S. et al. Deciphering the relationship among phosphate dynamics, electron-dense body and lipid accumulation in the green alga 
Parachlorella kessleri. Sci. Rep. 6, 25731 (2016).
 42. Diep, P., Mahadevan, R. & Yakunin, A. F. Heavy metal removal by bioaccumulation using genetically engineered microorganisms. 
Front. Bioeng. Biotechnol. 6 (2018).
 43. Chellapandi, P. In silico description of cobalt and nickel assimilation systems in the genomes of methanogens. Syst. Synth. Biol. 
105–14, https://doi.org/10.1007/s11693-011-9087-2 (2011).
 44. Lee, J.-H. & Hur, H.-G. Intracellular uranium accumulation by Shewanella sp. HN-41 under the thiosulfate-reducing condition. J. 
Korean Soc. Appl. Biol. Chem. 57, 117–121 (2014).
 45. Kostka, J. E., Dalton, D. D., Skelton, H., Dollhopf, S. & Stucki, J. W. Growth of iron(III)-reducing bacteria on clay minerals as the sole 
electron acceptor and comparison of growth yields on variety of oxidized iron forms. Appl. Environ. Microbiol. 68, 6256–6262 
(2002).
 46. Xu, X., Xia, S., Zhou, L., Zhang, Z. & Rittmann, B. E. Bioreduction of vanadium (V) in groundwater by autohydrogentrophic 
bacteria: Mechanisms and microorganisms. J. Environ. Sci. 30, 122–128 (2015).
 47. Roh, Y. et al. Isolation and characterization of metal-reducing Thermoanaerobacter strains from deep subsurface environments of 
Piceance Basin, Colorado. Appl. Environ. Microbiol. 68, 6013–6020 (2002).
 48. Tebo, B. M. & Obraztsova, A. Y. Sulfate-reducing bacterium grows with Cr(VI), U(VI), Mn(IV), and Fe(III) as electron acceptors. 
FEMS Microbiol. Lett. 162, 193–198 (1998).
 49. Şengör, S. S. et al. Impact of different environmental conditions on the aggregation of biogenic U(IV) nanoparticles synthesized by 
Desulfovibrio alaskensis G20. BioMetals 29, 965–980 (2016).
 50. Mclean, J. & Beveridge, T. J. Chromate reduction by a Pseudomonas isolated from a site contaminated with chromated copper 
arsenate. Appl. Environ. Microbiol. 67, 1076–1084 (2001).
 51. Truex, M. J., Peyton, B. M., Valentine, N. B. & Gorby, Y. A. Kinetics of U(VI) reduction by a dissimilatory Fe(III)-reducing bacterium 
under non-growth conditions. Biotechnol. Bioeng. 55, 490–496 (1997).
 52. Fredrickson, J. K., Kostandarithes, H. M., Li, S. W., Plymale, A. E. & Daly, M. J. Reduction of Fe(III), Cr(VI), U(VI), and Tc(VII) by 
Deinococcus radiodurans R1. Appl. Environ. Microbiol. 66, 2006–2011 (2000).
 53. Chanal, A. et al. The desert of Tataouine: An extreme environment that hosts a wide diversity of microorganisms and radiotolerant 
bacteria. Environ. Microbiol. 8, 514–525 (2006).
 54. Ngwenya, B. T. Enhanced adsorption of zinc is associated with aging and lysis of bacterial cells in batch incubations. Chemosphere 
67, 1982–1992 (2007).
 55. Castillo, J. et al. Biologically-induced precipitation of sphalerite–wurtzite nanoparticles by sulfate-reducing bacteria: Implications 
for acid mine drainage treatment. Sci. Total Environ. 423, 176–184 (2012).
 56. Jahn, B. et al. Similar but not the same: First kinetic and structural analyses of a methanol dehydrogenase containing a europium ion 
in the active site. ChemBioChem 19, 1147–1153 (2018).
 57. Keltjens, J. T., Pol, A., Reimann, J. & Op Den Camp, H. J. M. PQQ-dependent methanol dehydrogenases: rare-earth elements make 
a difference. Appl. Microbiol. Biotechnol. 98, 6163–6183 (2014).
 58. Nakagawa, T. et al. A catalytic role of XoxF1 as La3+-dependent methanol dehydrogenase in Methylobacterium extorquens strain 
AM1. PLoS One 7, e50480 (2012).
 59. Fitriyanto, N. A. et al. Molecular structure and gene analysis of Ce3+-induced methanol dehydrogenase of Bradyrhizobium sp. 
MAFF211645. J. Biosci. Bioeng. 111, 613–617 (2011).
 60. Pol, A. et al. Rare earth metals are essential for methanotrophic life in volcanic mudpots. Environ. Microbiol. 16, 255–264 (2014).
 61. Jurado, A. S., Santana, A. C., Da Costa, M. S., Madeira, V. M. C. & Cations, D. Influence of divalent cations on the growth and 
morphology of Bacillus stearothermophilus. J. Gen. Microbiol. 133, 507–513 (1987).
 62. Heinrjch, E. W. The Palabora carbonatitic complex - A unique copper deposit. Can. Mineral. 10, 585–588 (1970).
 63. Groves, D. I. & Vielreicher, N. M. The Phalabowra (Palabora) carbonatite-hosted magnetite-copper sulfide deposit, South Africa: an 
end-member of the iron-oxide copper-gold-rare earth element deposit group. Miner. Depos. 36, 189–194 (2001).
 64. Edahbi, M., Plante, B., Benzaazoua, M., Kormos, L. & Pelletier, M. Rare earth elements (La, Ce, Pr, Nd, and Sm) from a carbonatite 
deposit: Mineralogical characterization and geochemical behavior. Minerals 8, 55–83 (2018).
 65. Frick, C. The Phalaborwa syenite intrusions along the west-central boundary of the Kruger National Park. Koedoe 29, 45–58 
(1986).
 66. Nordstrom, B. D. K. & Wilde, F. D. In National Field Manual for the Collection of Water-Quality Data (eds Wilde, F. D., Radtke, D. B., 
Gibs, J. & Iwatsubo, R. T.) (U.S. Geological Survey Techniques in Water-Resources Investigations Book 9, 1998).
 67. Lane, D. J. In Nucleic acid techniques in bacterial systematic (eds Stackebrandt, E. & Goodfellow, M.) 115–175 (John Wiley and Sons, 
1991).
 68. Uhrovčík, J., Gyeváthová, M. & Lesný, J. Possibility of the spectrophotometric determination of europium by means of arsenazo III. 
Nov. Biotechnol. Chim. 12, 93–99 (2013).
 69. Maleke, M. et al. Biomineralization and bioaccumulation of europium by a thermophilic metal resistant bacterium. Front. Microbiol. 
10, https://doi.org/10.3389/fmicb.2019.00081 (2019).
 70. Yagoub, M. Y. A., Swart, H. C., Bergman, P. & Coetsee, E. Enhanced Pr 3+ photoluminescence by energy transfer in SrF 2: Eu 2+, Pr 
3+ phosphor. AIP Adv. 6, 025204 (2016).
 71. Gaspard, S., Vazquez, F. & Holliger, C. Localization and solubilization of the iron(III) reductase of Geobacter sulfurreducens. Appl. 
Environ. Microbiol. 64, 3188–3194 (1998).
 72. Smith, P. K. et al. Measurement of protein using bicinchoninic acid. Anal. Biochem. 150, 76–85 (1985).
 73. Dubois, M. F., Hovanessianz, A. G. & Bensaude, O. Heat-shock-induced denaturation of proteins: Characterization of the 
insolubilization of the interferon-induced p68 Kinase*. J. Biol. Chem. 266, 9707–9711 (1991).
 74. Akazawa-Ogawa, Y. et al. Heat-induced irreversible denaturation of the camelid single domain VHH antibody is governed by 
chemical modifications. J. Biol. Chem. 289, 15666–79 (2014).
 75. Laemmli, U. K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 227, 680–685 (1970).
1 1Scientific RepoRtS |         (2019) 9:14339  | https://doi.org/10.1038/s41598-019-50179-z
www.nature.com/scientificreportswww.nature.com/scientificreports/
Acknowledgements
This research was conducted with financial support from the Technology and Innovation Agency. The financial 
assistance of the National Research Foundation of South Africa (88833 and 106460) towards this research 
is hereby acknowledged. Opinions expressed and conclusions arrived at, are those of the author and are not 
necessarily to be attributed to the NRF. The authors thank the staff of the Centre for Microscopy (University of the 
Free State, Republic of South Africa) for assisting with FE-SEM-EDX and TEM-EDX analysis.
Author contributions
E.v.H. and J.C. conceived the project. M.M. and A.G. performed research and analysed the data. L.C.-H. and 
H.S. helped with HR-XPS analysis and data interpretation. M.M. wrote the first draft of the manuscript, with 
contributions from A.V. and J.C. A.V., J.C., J.-G.V., E.C., A.G., and E.v.H. participated in discussions and review 
manuscript. All authors read and approved the final manuscript.
Additional information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-50179-z.
Competing Interests: The authors declare no competing interests.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
